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Ⓔ

Earthquake Geology of the Bulnay Fault (Mongolia)

by M. Rizza,* J.-F. Ritz, C. Prentice, R. Vassallo, R. Braucher, C. Larroque, A. Arzhannikova,
S. Arzhannikov, S. Mahan, M. Massault, J.-L. Michelot, M. Todbileg, and ASTER Team

Abstract The Bulnay earthquake of 23 July 1905 (Mw 8.3–8.5), in north-central
Mongolia, is one of the world’s largest recorded intracontinental earthquakes and one
of four great earthquakes that occurred in the region during the twentieth century. The
375 km long surface rupture of the left-lateral, strike-slip, N095°E-trending Bulnay
fault associated with this earthquake is remarkable for its pronounced expression
across the landscape and for the size of features produced by previous earthquakes.
Our field observations suggest that in many areas the width and geometry of the rup-
ture zone is the result of repeated earthquakes; however, in those areas where it is
possible to determine that the geomorphic features are the result of the 1905 surface
rupture alone, the size of the features produced by this single earthquake are singular
in comparison to most other historical strike-slip surface ruptures worldwide. Along
the 80 km stretch, between 97.18° E and 98.33° E, the fault zone is characterized by
several meters width and the mean left-lateral 1905 offset is 8:9� 0:6 m with two
measured cumulative offsets that are twice the 1905 slip. These observations suggest
that the displacement produced during the penultimate event was similar to the 1905
slip. Morphotectonic analyses carried out at three sites along the eastern part of the
Bulnay fault allow us to estimate a mean horizontal slip rate of 3:1� 1:7 mm=yr over
the Late Pleistocene–Holocene period. In parallel, paleoseismological investigations
show evidence for two earthquakes prior to the 1905 event, with recurrence intervals
of ∼2700–4000 yrs.

Online Material: Table of 10Be concentrations with sampling information, high-
resolution stratigraphic and topographic maps, and 10Be analyses at various sites.

Introduction and Tectonic Setting

Between 1905 and 1957, four M ∼ 8 earthquakes
occurred in western Mongolia and the adjacent area within
China (Molnar and Deng, 1984; Baljinnyam et al., 1993;
Schlupp, 1996), making this region one of the most tectoni-
cally active intracontinental domains in the world (Fig. 1a).
Considering the high rate of large earthquakes between 1905
and 1957, these earthquakes have been described as a seismic
cluster involving mechanical coupling between faults (Chéry
et al., 2001; Pollitz et al., 2003; Vergnolle et al., 2003). These
earthquakes occurred along strike-slip faults that are several
hundred kilometers long (i.e., Tsetserleg, Bolnay, Fuyun, and
Bogd faults) and accommodate the northernmost deformation
related to the India–Asia collision (Florensov and Solonenko,
1965; Molnar and Tapponnier, 1977; Tapponnier and Molnar,
1979; Cunningham, 1998). These surface rupture patterns
have been described by several morphotectonic studies show-

ing that these active faults have millimetric slip rates over
periods of 104–105 ka (Ritz et al., 1995, 2003, 2006; Walker
et al., 2006; Vassallo et al., 2007; Nissen,Walker, Bayasgalan,
et al., 2009; Nissen, Walker, Molor, et al., 2009; Rizza et al.,
2011). Geodetic measurements (Global Positioning System
[GPS]) within Mongolia and the surrounding areas confirm
that contemporary crustal deformation is distributed across
north-northwest-striking dextral strike-slip faults in the Altay
range and east–west left-lateral strike-slip faults in central and
eastern Mongolia (Calais et al., 2003; Vergnolle, 2003)
(Fig. 1). Paleoseismological investigations along the Gurvan
Bogd fault system, which ruptured in 1957 during the Gobi–
Altay earthquake, have shown long recurrence intervals of
3–5 ky for large earthquakes (Schwartz et al., 1996, 2007;
Prentice et al., 2002; Rizza, 2010).

In 1905, two major earthquakes with magnitude
M >7:5 occurred in the northern part of the Hangay massif
(Fig. 1a). The 9 July 1905 Tsetserleg earthquake (Mw 8.0,
49.5° N, 97.3° E), which produced an ∼130 km long surface
rupture, trending 60° N (Khil’ko et al., 1985; Baljinnyam
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et al., 1993; Schlupp and Cisternas, 2007). Fourteen days
later, the Bulnay earthquake (49.2° N, 94.8° E) occurred at
the intersection between the main left-lateral, strike-slip Bul-
nay fault and the right-lateral, strike-slip Teregtyin fault

(Khil’ko et al., 1985; Baljyniiam et al., 1993). The moment
magnitude (Mw) of the Bulnay earthquake is estimated to
be between 8.3 and 8.5 using body waveform inversion
(Schlupp and Cisternas, 2007), making it one of the largest

Figure 1. (a) Tectonic setting of Mongolia. Active strike-slip and reverse faults are mapped; reverse faults (lines with teeth) on upper
plate and active normal faults are shown. The black arrows are geodetic vectors from Calais et al. (2003), with white ellipses representing
95% confidence limits. The gray dots show earthquake epicenters from 1980 to 2008. Black centroid moment tensor solutions are from the
Global Centroid Moment Tensor Catalog (see Data and Resources). Four major earthquakes occurred during the twentieth century and are
represented by the centroid moment tensor solutions labeled 1 to 4 (from Schlupp and Cisternas, 2007, and Okal, 1976). The rectangle shows
the area enlarged in (b). (b) Locations of the 1905 surface ruptures along the Tsetserleg, Bolnay, Teregtyin, and Düngen faults (modified from
Baljinnyam et al., 1993, and Schlupp and Cisternas, 2007) from our own mapping. The base map is from ASTER digital elevation models
(DEMs) (see Data and Resources). The rectangle shows the area enlarged in (c). (c) Portion of the Bolnay fault surveyed in this study, with
locations of the study sites discussed in text (dots and triangles). Rectangles C and D show locations of Figures 5 and 6, respectively. The
color version of this figure is available only in the electronic edition.
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known historic earthquakes in an intracontinental domain.
The 375 km long surface rupture was bilateral, propagating
100 km to the west and 275 km to the east along the main
Bulnay fault (Schlupp and Cisternas, 2007). In addition, ap-
proximately 100 km of surface rupture occurred along the
associated Teregtyin (80 km, striking 135° N) and Düngen
(20 km, striking 0° N) faults (Fig. 1b).

The first observations of the Bulnay fault surface rup-
tures were made less than 10 yrs after the 1905 earthquake
by Voznesenskii (1962) and were resurveyed later by
Khil’Ko et al. (1985) and Baljynniam et al. (1993). The sur-
face rupture of the 1905 Bulnay earthquake is complex and
includes such large-scale features as tension gashes that are
tens of meters long, and mole tracks and depressions that are
several tens of square meters in width and a few meters in
height. These features are described along the entire surface
rupture (Baljinnyam et al., 1993; Schwartz et al., 2009). The
1905 coseismic offsets reported along the main fault range
from 8� 2 m to 11� 2 m between the eastern termination
of the fault and the junction between the Bulnay and Tereg-
tyin faults and decrease in the western part of the fault to
5� 2 m (Voznesenskii, 1962; Florensov and Solonenko,
1965; Baljinnyam et al., 1993; Schwartz et al., 2009). No
geological slip rates have been estimated for the Bulnay
fault. GPS measurements indicate a strain accumulation rate
of 2:6� 1 mm=yr (Calais et al., 2003; Vergnolle et al.,
2003). A limited paleoseismic investigation at one site along
the western part of the fault, between the Tsavdan basin and
the Khan Khukei range, suggests that the penultimate earth-
quake on this segment occurred between 2480 and 3270 cal
B.P. (Schwartz et al., 2009).

We investigated the surface rupture of the main left-
lateral, strike-slip Bulnay fault using satellite imagery and
aerial photographs and conducted field studies along the
eastern part of the 1905 rupture, between 97.18° E and
98.33° E (Fig. 1c). The goals of our field investigations were
to determine geological slip rates and earthquake recurrence
intervals using morphotectonic and paleoseismologic analy-
ses. We documented the fault morphology along the Bulnay
rupture and measured both the coseismic slip associated with
the 1905 earthquake and the offsets that represent accumu-
lated slip produced by multiple earthquakes. In addition, we
determined slip rates at three sites using morphological
analysis, in situ produced cosmogenic radionuclides, and op-
tically luminescence techniques to date well-preserved offset
streams and alluvial surfaces. We also excavated trenches
across the fault to determine the times of prehistoric
surface-rupturing earthquakes.

Geomorphology of the Bulnay Fault Zone and 1905
Coseismic Slip

The left-lateral Bulnay fault trends approximately 90° N
and is clearly visible on both Landsat (15 m resolution) and
SPOT-5-THR (2.5 m resolution) satellite images. The fault
orientation is influenced by ancient faults related to the

Caledonian and Variscan orogenic cycles, which were reac-
tivated in the late Cenozoic during the north-northeast–
south-southwest compression associated with the India–Asia
collision (Sengör et al., 1993, Cunningham, 1998). The
Bulnay fault traverses massifs composed of metamorphic
and plutonic rocks, with colluvial deposits and fine-grained
alluvial deposits underlying the slopes and foothills.

From longitude 93.5° to 99° E, geomorphic offsets on
the Bulnay fault indicate that the sense of shear is purely left
lateral. West and east of Buust Nuur lake (Fig. 1b), we
observed meter- to kilometer-scale cumulative left-lateral dis-
placements offsetting the pre-existing topography. The largest
displacement we identified is west of Buust Nuur where both
the Galutu river and the eastern edge of Yambi mountain
(a Devonian granitic massif) are left-laterally displaced by
4� 0:5 km (Fig. 2). We did not observed larger displacement
elsewhere along the Bulnay fault and thus interpret this offset
as the total cumulative left-lateral displacement across the fault.
However, in places, for example between 92.5° E and 93.5° E
within its western termination zone (Haanhohiy range), the
topography is associated with a significant reverse component
of slip accommodated across a young restraining bend massif
(e.g., Cunningham, 2007) located south of Uvs Nuur.

The geometry of the surface faulting and the presence of
large mole track features associated with the surface rupture
make measurement of the 1905 left-lateral slip difficult.
Along most of the Bulnay fault, it is difficult to distinguish
between features produced in 1905 and features produced by
previous earthquakes (Fig. 3). To assist with our mapping,
we surveyed several sites along the fault using a Trimble kin-
ematic GPS. Figure 4 shows several views of the fault and
associated pressure ridges, pull-apart basins, and tension
gashes near the western end of our field area, east of Yambi
Mountain (see Fig. 1c for locations).

The morphology of the surface rupture appears to be re-
lated to the geological and structural setting. Between
97.69° E and 97.18° E (Fig. 1c), the Bulnay fault crosses
a mountainous area where the fault is characterized by a nar-
row zone less than a few tens (5–10) of meters wide. Where
the fault crosses large alluvial surfaces, the rupture pattern is
more distributed. For instance, between 98.33° E and
97.69° E, the Bulnay fault cuts through alluvial surfaces and
the rupture pattern is characterized by systems of en echelon
ruptures with individual segments that are several tens to
hundreds of meters in length and several tens (20–50) of me-
ters wide, mole tracks and tension gashes of up to several
meters wide, fissures, and stepover zones between the indi-
vidual ruptures (Fig. 4). Figure 5 illustrates the complexity of
the rupture surface pattern where the fault traverses an allu-
vial surface between the Genepi and Double Pond sites. At
this location, we mapped the surface pattern of the Bulnay
fault using SPOT imagery with 2.5 m resolution and Google
Earth imagery (DigitalGlobe images fromMay 2006) along a
3.8 km long section of the surface rupture. Between the
Double Pond and Lost Goat Creek sites, the surface faulting
is distributed across a width of 20 m and consists
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of two parallel fault strands 100 m apart. Between the two
fault traces, we observed large tension gashes that are
oriented at an angle of 60° with respect to the principal
east–west-trending main faults. Thus, our observations raise
the question of whether the morphology of the Bulnay sur-
face is controlled in part by the near-surface lithology, with
narrower and less distributed surface rupture where the fault
breaks though crystalline rock near the surface, and a wider
surface rupture more related to a spread out zone where the
fault breaks through thick alluvial sediments.

At a number of sites along the Bulnay fault, we found
evidence that the geomorphic features associated with the
Bulnay fault represent the accumulation of slip produced in
several earthquakes. A noticeable example can be found 8 km
east of the Armoise Creek site, where a 500 m × 300 m pull-
apart basin is associated with normal scarps and tension
gashes that are several hundred meters long (Fig. 6). In some
places within the graben, it is possible to distinguish the 1905
surface rupture, comprising fresh, steep slopes along the
larger, cumulative fault scarps (left side of Fig. 6c). We inter-
pret this graben to have resulted from repeated surface rupture.

Several offset streams record the displacement associated
with the 1905 earthquake. We used kinematic GPS to make
detailed maps of four offsets, which are presented in the

Ⓔ appendix (available in the electronic supplement to this
article); locations are shown in Figure 1c (Ⓔ see also Fig. S1).
Our offset measurements were made on sites where stream
incisions and risers are well linked on both sides of the fault
zone. After having identified the fault line and the stream
channels on the corresponding digital elevation models, we
reconstructed the initial geometry of markers (stream axis and
risers), back-sliding and aligning them on both sides of the
fault. From these reconstructions, we estimated minimum
and maximum slip offsets matching horizontal displacements.

The offset measurements presented in Table 1 correspond
to mean values for each piercing point with their associated
uncertainties (standard deviation at 1σ). In summary, between
97.69° E and 97.18° E, the mean offset associated with the
1905 earthquake is 8.9 m (�1:2 m, −1:0 m). In two places,
we found streams that appear to record an earlier displacement
in addition to the 1905 offset at Pine Creek and Boulder Creek
(see Table 1 and Fig. 7). As described in the Paleoseismic
Investigations at Pine Creek (97.36° E) section, the Pine Creek
site confirms the occurrence of two events since incision of the
offset channel. The two cumulative displacements have a
mean value of 17 m (�1:5, −1:3 m), which is approximately
twice the 1905 offset and suggests that slips per event are
similar along this section of the Bulnay fault.

Figure 2. Perspective view looking east of the eastern part of the Bulnay fault (SPOT image). The Galutu River is left-laterally displaced
along the fault zone (white arrows), and Yambi Mountain is delimited by the dashed lines. The color version of this figure is available only in
the electronic edition.
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Figure 3. Field photographs of the Bulnay rupture taken in 2009. Ovals indicate people (for scale), and heavy black arrows indicate the
fault trace. (a) Field view looking west of the Bulnay surface rupture between the Snow Creek and Western Creek sites. (b) Photograph
looking east along the surface rupture between Genepi and Double Pond (see location in Fig. 5) showing the mole track morphology.
(c) Photograph looking west along the surface rupture near Genepi. (d) Photograph showing the 1905 surface rupture between Snow Creek
and Pine Creek, with trees growing in tension gashes. (e) Photograph looking west of a mole track affected by large tension gashes (light
arrows) near the Snow Creek site. The color version of this figure is available only in the electronic edition.
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Slip Rate Estimates

To estimate the horizontal slip rate along the Bulnay
fault, we carried out morphotectonic analyses at the Genepi,
Armoise, and Snow Creek sites, which we identified using
SPOT imagery and aerial photographs. We used kinematic
GPS surveys to quantify the cumulative displacements of
streams incised into alluvial surfaces. In parallel, we col-

lected samples from soil pits excavated into the alluvial
surfaces to determine their ages using both in situ produced
beryllium-10 (10Be; e.g., Ritz et al., 1995; Braucher et al.,
1998; Siame et al., 2004; Vassallo et al., 2007) and lumines-
cence techniques (Vassallo et al., 2005; LeDortz et al., 2009;
Nissen, Walker, Molor, et al., 2009; Rizza et al., 2011).

Unfortunately, although we carried out sampling and
analysis of the 10Be samples following established protocols

Figure 4. DEMs and perspective views of the Bulnay fault morphology produced from our (RTK) surveys. (a) Perspective view of the
Bulnay fault zone showing the complexity of the ground ruptures near Snow Creek. In this area, tension gashes, mole tracks, and a pull-apart
basin are interconnected, showing the complexity of the fault zone due to the accumulation of multiple quaternary surface ruptures. The
tension gashes disrupt a pre-existing mole track from a previous earthquake. (b) Field photograph looking west of the zone surveyed by the
kinematic Global Positioning System in (a). (c) Perspective view of the fault zone near Double Pond showing several pull-apart basins and a
large and older pressure ridge cut by large tension gashes created during the 1905 earthquake. The color version of this figure is available only
in the electronic edition.
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(e.g., Ritz et al., 2006, and Braucher et al., 2011), the result-
ing 10Be data are difficult to interpret without making numer-
ous assumptions that cannot be tested, and therefore the 10Be
analyses are not useful for inferring surface ages. Our ex-
planation for the problems with the 10Be data is that the fans
are composed of a multilayered stratigraphy that records suc-
cessive exposure episodes and that drainage networks in this
region have evolved, delivering sediments to the fans from a
wide variety of sources. Our data suggest that the complexity
of the surface processes in this environment precludes the use
of 10Be for surface exposure dating. Ⓔ We therefore do not
use the 10Be data to calculate slip rates, but for the sake of
completeness we provide them in the electronic supplement.

In contrast to the 10Be data, the optically stimulated lu-
minescence (OSL) analyses of the youngest fan deposits pro-
vided results that allow us to constrain the ages of the offset
streams incised into the surfaces. We collected and prepared
samples following a standard infrared-stimulated lumines-
cence (IRSL) protocol (i.e., Rizza et al., 2011). We used
the potassium–feldspar component of the sediment because
we anticipated that quartz grains may present dim and unsta-

ble signals and therefore would not provide reliable equiv-
alent dose analysis, as we already noticed in another study
done in Mongolia (Rizza et al., 2011). Moreover the high
dose rates (see Table 2) may have saturated out the quartz
component even if the samples were deposited in the
past 30 ky.

The IRSL samples were analyzed using the fine-grained
(4–11 μm) fraction and the total-bleach multiple-aliquot
additive-dose method (Singhvi et al., 1982; Lang, 1994;
Richardson et al., 1997; Aitken, 1998). Fading tests were
carried out following the method of Auclair et al. (2003), and
the ages were corrected for fading using the functions of
Huntley and Lamothe (2001). We collected about 600 g
of material for each sample to measure the concentration of
radiogenic thorium (Th), potassium (K), and uranium (U),
following Murray et al. (1987). Dose rates were calculated
using radioisotope concentration, burial depth, elevation,
geomagnetic latitude (Prescott and Hutton, 1994), present-
day moisture, and alpha and beta attenuation contributions
were corrected for grain-size attenuation. Elemental concen-
trations and dose rates are shown in Table 2.

Figure 5. Morphology of the Bulnay fault between Genepi and Double Pond sites. The location is shown as rectangle C in Figure 1c.
(a) Google Earth view (see Data and Resources) of the surface rupture. The snow highlights the morphology of the fault zone and the drainage
network within the alluvial plain. (b) Interpretation of the area shown in (a), with surface ruptures indicated by lines. Note the system of
pressures ridges and pull-aparts (lakes) corresponding to fault stepovers. The morphology of the Bulnay fault is wider between Lost Goat and
Double Pond sites with two fault segments and large fissures.
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Genepi Site (98.32° E)

The Genepi site is located in an area where the Bulnay
fault crosses an alluvial plain at the base of the Bulnay range
(Figs. 1c and 4). The 1905 surface rupture through this area
is expressed as a set of en echelon mole tracks and tension
gashes. A stream channel incised into the alluvial surface
(S1) is offset, and a small lake occupies a depression formed
within an extensional stepover zone along the Bulnay fault
(Fig. 8). The stream is blocked by an upstream-facing scarp
and flows into the small pond. North of the fault, a small

remnant of S1 is preserved within the incised channel
(Fig. 8b). The western riser of this surface marks the edge of
an abandoned branch of the stream, whereas the eastern riser
marks the edge of the active channel (Fig. 8b). To estimate
the cumulative offset, we used the piercing lines correspond-
ing to both sides of the riser between S1 and the incised chan-
nel. Aligning the western and eastern downstream risers with
the upstream risers (see Fig. 8c), we found a minimum slip of
∼84 m and a maximum slip of ∼107 m, yielding a mean off-
set of 96� 11 m (error at 1σ). Reconstructing the geometry

Figure 6. Detailed map of a large pull-apart basin (49.16° N, 97.88° E), east of the Armoise site (location is shown as rectangle D in
Fig. 1c). (a) SPOT-5 imagery showing the pull-apart basin. (b) Interpretation of the surface ruptures. In the eastern part of the pull-apart,
numerous normal faults are mapped. Label C shows the location and the arrow indicates the direction from which photo (c) was taken.
(c) Field photograph looking west of the graben, the white arrows indicate several of the normal fault scarps active in 1905. The color version
of this figure is available only in the electronic edition.

Table 1
Slip Measurements along the Bulnay Fault

Site Latitude (°) Longitude (°) Mean Offset (m) Uncertainty (m) Figure ID

Lost Goat Creek 49.1491 98.3153 9.2 0.9 7a
Yellow Creek 49.1805 97.3657 9.4 0.3 7b
Pine Creek 49.1810 97.3615 18 0.5 7c/7d
Boulder Creek 49.1832 97.3385 8.5 0.6 7e (1)
Boulder Creek 49.1832 97.3385 16 0.3 7e (2)
Horse Creek 49.1878 97.2734 8.7 0.7 7f
Armoise 49.1579 97.8314 25 4 11a
Snow Creek 49.1884 97.2726 67 17 12b
Genepi 49.1491 98.3255 96 11 8a
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of the stream with the 96 m offset yields the best fit for the
initial geometry of the incision. When reconstructing this
offset, a remnant S1 surface stands in the middle of the

downstream channel, suggesting that the initial incision
was narrower and that the channel has broadened eastward
overtime.

Figure 7. Field photographs of the 1905 and cumulative offsets along the Bulnay fault. (a) 1905 offset at Lost Goat site. The two persons
mark the piercing points used to estimate the 1905 coseismic slip. The stream is offset by 9.2 m across the fault. (b) The 1905 offset at Yellow
Creek site. The dry stream channel is offset by 9.4 m. (c) The cumulative offset at Pine Creek site. The dry stream is offset by 18 m. (d) Field
photograph taken in 1992 by Baljinnyam et al. (1993) of the same site. (e) View west of the Boulder Creek site, where we define the 1905
offset using piercing line 1, which is the active channel north of the fault, and a cumulative offset using piercing line 2, which is an abandoned
channel north of the fault, with respect to the active stream channel south of the fault (black dashed lines). The offsets are 8.5 m and 16 m,
respectively. (f) The 1905 stream offset at Horse Creek site is 8.7 m. The color version of this figure is available only in the electronic edition.
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We determined the age of surface S1 using IRSL to date
the uppermost depositional unit. Sample BOL09-OSL1 was
collected at 50 cm depth within unit 1 (Fig. 9a), and yielded
an age of 37:1� 5:6 ka after applying a fading correction of
5:8� 0:5%, following Auclair et al. (2003) and Huntley and
Lamothe (2001) (see Table 2). The distribution of the 10Be
concentration within unit 1 cannot be modeled without mak-
ing strong assumptions, and we therefore do not infer any
ages (Ⓔ see Fig. S2).

Because we do not know when the channel incision oc-
curred with respect to the seismic cycle (i.e., just before or
just after an earthquake, or sometime in between; Fig. 10),
we calculated the slip rate along the fault considering that the
cumulative offset is bracketed between the total cumulative
offset (96� 11 m) and the total cumulative offset minus the
1905 offset measured at Lost Goat Creek (87� 12 m),
assuming a periodic behavior. This yields a cumulative offset
range of 75–107 m. Dividing this offset by the IRSL age of
the surface (37:1� 5:6 ka), which provides a maximum
bound on the timing of stream incision, yields a minimum
slip rate of 2:6� 0:8 mm=yr.

Armoise Site (97.85° E)

The Armoise Creek site is located ∼35 km west of the
Genepi site, where the 1905 surface rupture is a single fault
trace that crosses two terraces (S1 and S0) incised by an
active stream (Fig. 11). On the east side of the stream, the
riser between S1 and S0 is well preserved and is left-laterally
displaced. Using the same methodology as at Genepi, we
made a detailed topographic map of the site using Real Time
Kinematic (RTK) GPS surveying and used the piercing lines
corresponding to the tops of the risers on both sides of the
stream to estimate the offset. Reconstructing the western and
eastern risers, we found offsets of 17� 5 m and 25� 4 m,
respectively. The difference between the two offset risers
suggests that the western riser has experienced more erosion
from the stream channel and is therefore a minimum cumu-
lative offset. Restoring ∼23 m of slip produced the best fit
for the initial geometry of the incision and also shows that the
shape of the stream channel was probably curved before the
record of successive left-lateral displacements.

We determined the age of surface S1 using IRSL to date
sample BOL09-OSL27, which was collected at a depth of
45 cm, near the top of unit 2 immediately below the A horizon
that forms the ground surface (Fig. 9b). The IRSL analysis
yielded an age of 6:9� 1:7 ka after applying a fading correc-
tion of 9:0� 0:5%, following Auclair et al. (2003) and
Huntley and Lamothe (2001) (Table 2). The 10Be concentra-
tions (Ⓔ see Fig. S3) are similar at the top and bottom of the
profile, suggesting samples contain mostly inherited 10Be and
therefore that the surface was recently abandoned. Indeed an
exposure time of 7000 yrs would correspond to a fraction of
10Be concentration ranging from 1% (BOL09-32) to 14%
(BOL09-26B) of the measured concentrations that is within
the measured analytical uncertainties (Ⓔ see Table S1). This
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Figure 8. Genepi site. (a) Panorama looking south, giving an overview of the Genepi area. White arrows mark the fault zone. (b) Google
Earth imagery (see Data and Resources) combined with our DEM and interpretations. The lines on both sides of the channel show the top of
the risers of the stream channel that we used as piercing lines (dots). Modern stream channels on both sides of the fault zone are represented,
and we mapped the pond developed in the fault stepover area. We also mapped an abandoned channel; the dark solid lines are fault traces. The
contour interval is 0.25 m. Arrow A shows the viewpoint and view direction of the photograph in (a). (c) Reconstruction of the initial position
of the channel defining a cumulative displacement of ∼96 m. The color version of this figure is available only in the electronic edition.
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Figure 9. Soil pit stratigraphy and luminescence analyses at four sites. (a) The Genepi site (see location in Fig. 8). Field photograph of the
soil pit and corresponding stratigraphic log of the profile and location of the infrared-stimulated luminescence (IRSL) sample (star). The soil
pit exposed organic-rich soil (30 cm wide) with organic materials and roots located at the top of unit 1, which is composed of pebbles in
organic-rich sandy matrix. At ∼100 cm depth, we observed a layer of rounded pebbles suggesting that the base of unit 1 eroded into unit 2.
Unit 2, between 100 and 180 cm depth, is composed of cobbles in a coarse sandy matrix near its base and grades upward to pebbles in a
sandy-clay matrix. Unit 3, between 180 and 210 cm, is composed of coarse sand with rare pebbles. At the base of this unit, we encountered
permafrost at a depth of 2.2 m. (b) Soil pit stratigraphy and luminescence analyses at the Armoise site (see location in Fig. 11). Field
photograph of the soil pit and corresponding stratigraphic log of the profile and location of the IRSL sample (star). Unit 1 is organic-rich
soil horizon with organic materials with a thickness of ∼30 cm. Unit 2 is a massive debris flow containing subangular quartzite pebbles (5–
15 cm in diameter) in a coarse sandy matrix. (c) Soil pit stratigraphy and luminescence analyses at the Snow Creek site (see location in
Fig. 12). Field photographs of the soil pit: (1) view of alluvial deposits within the profile and (2) detailed view of the profile wall where the
luminescence sample was collected. The IRSL sample was collected within unit 1 at 45 cm depth. Stratigraphic log, showing the locations of
the IRSL sample (star). Organic-rich soil (unit 1) containing organic materials and roots is located at the top of unit 2, which consists of poorly
stratified pebbles in a fine sandy matrix. Unit 3, from ∼60 to ∼180 cm, is a bed comprised of cobbles in a coarse sandy matrix at the base to
small pebbles (<4 cm) in a sandy matrix near the top. Unit 4, from ∼180 to ∼230 cm, is comprised of coarse sands with rare pebbles. (d) Soil
pit stratigraphy and results of luminescence analyses of samples collected in the S1 soil pit at Pine Creek (see location in Fig. 13). Field
photograph showing the alluvial deposits exposed in the soil pit and stratigraphic log and locations of the IRSL sample (star). The color
version of this figure is available only in the electronic edition.
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cannot be clearly determined using the depth profile modeling,
but the 10Be data validate the recent deposition of S1 surface,
as shown by the OSL age.

To estimate the slip rate, we followed the same protocol
employed at the Genepi site. Because we do not know when
the channel incision occurred with respect to the seismic cycle
(see Fig. 10) and we are unable to estimate the amount of
erosion on the western riser since the deposition of S1, we
give preference to our slip estimate of the well-preserved
eastern riser. We then bracketed the cumulative offset between
25� 4 m and the total cumulative offset minus the 1905 off-
set (16:1� 4:5 m). (We used the mean 1905 value calculated
from all the sites because we do not have a measurement of
1905 slip near Armoise Creek.) This conservative approach
yields a cumulative offset ranging between 12 and 29 m; di-
viding this offset by the IRSL age (6:9� 1:7 ka), we estimate
a slip rate of 3:5� 2 mm=yr, indistinguishable within the er-
ror from the rate determined at the Genepi site.

Snow Creek site (97.27° E)

The Snow Creek site is located ∼37 km west of the
Armoise Creek site, where the Bulnay fault crosses an alluvial
surface and is expressed as a series of mole tracks and tension
gashes (Fig. 12a). Based on our interpretation of aerial photo-
graphs (1:25,000 scale, 1973, photographs of Bulnay fault are
courtesy of D. Schwartz), we identified a left-laterally offset
stream incised into the alluvial surface (S1). The riser be-
tween S1 and the incised stream forms a piercing line that is
highlighted by snow cover on the east-facing slope of the
channel in the aerial photography (Fig. 12b). The initial
position of the upstream channel in the topography is not clear
in this flat morphology. We then project the piercing lines
from a distance of ∼30–40 m along the fault zone to estimate
the cumulative slip (Fig. 12b). The downstream channel is

narrower, and we defined the piercing lines using both sides
of the channel incision. Reconstruction of the initial position
of the channel yields offsets of 74� 10 m and 57� 7 m for
the western and eastern risers, respectively (Fig. 12c).

We determined the age of the most recent deposits at the
top of surface S1 using IRSL to date sample BOL09-OSL18,
collected at a depth of 40 cm from a fine-grained sandy unit
(Fig. 9c). The IRSL analysis yielded an age of 20:7� 2:9 ka
after applying a fading correction of 6� 0:5% (see Table 2).
Using 10Be concentrations, we estimate an age of
45:7� 3:8 ka for the same unit that we consider as a maxi-
mum age of deposition, because we are not taking inherit-
ance into account and this age is only based on a single
pebble (Ⓔ see Fig. S4). Our OSL age is much younger, but
it is not inconsistent if the measured 10Be concentration of
the sample contains inheritance (Ⓔ as observed within unit 2
in the same profile; see Fig. S4).

To be conservative and because we have large uncertain-
ties for the initial position of the channel incision, we
estimate the cumulative offset to be between 50 and 84 m.
As for Genepi and Armoise sites, we estimated the slip rate at
Snow Creek using an offset range that combines the total
cumulative offset (50–84 m) and the total cumulative offset
minus the 1905 offset measured at nearby Horse Creek
(41–75 m). Dividing these offset ranges (41–84 m) by the
IRSL age (20:7� 2:9 ka) yields a maximum slip rate
of 3:2� 1:5 mm=yr.

Paleoseismic Investigations at Pine Creek (97.36° E)

The Pine Creek site (97.36° E) is about 30 km west of
the Armoise site and about 7 km east of the Snow Creek site,
where the Bulnay fault traverses a mountainous area (Fig. 1).
At this site the fault cuts across an alluvial fan deposit near
the outlet of a small catchment incised into the massif. This

Figure 10. The relationships between the cumulative displacements of a morphological marker (a stream incising surface S1), its age of
formation (age of abandonment of surface S1 or age of the last deposits on surface S1) during the seismic cycle, and the estimated slip rate
along a strike-slip fault, assuming a characteristic slip behavior. Note that, contrary to the reverse fault setting, where we know that the age of
the abandonment of the surface immediately postdates an event (e.g., Ritz et al., 2003), in the case of strike-slip faults, we do not know when
the marker (i.e., surface) forms with respect to the occurrence of seismic events. The color version of this figure is available only in the
electronic edition.
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alluvial fan surface (S1) has been incised by a stream channel
that is left-laterally offset across the fault. We mapped this area
in detail using kinematic GPS; and, by aligning the downstream
risers with the upstream risers of the fan surface, we estimate
the stream offset to be 18:0� 0:5 m to produce the best fit for
the initial geometry of the channel incision (Fig. 13). Because
the nearby Yellow Creek drainage is offset by 9:4� 0:3 m
(Fig. 7b), we interpret the offset stream at Pine Creek to be the
result of two earthquakes. To develop a chronology for the pre-
1905 rupture history and to investigate the recurrence times of
large earthquakes along the Bulnay fault, we undertook a pa-
leoseismological investigation at this location.

We opened a 3 m long, hand-dug trench across the fault
zone within the displaced stream channel (Fig. 13). We
logged the trench walls at a scale of 1:10 using a 0.5 m grid
spacing (Figs. 14 and 15). The trench exposed stratified al-
luvial deposits below the S1 fan surface (units 110–120) and

younger channel deposits incised into S1 (units 60–90), all of
which are offset (see stratigraphic descriptions in Table 3).
The fault zone is about 1.5 m wide and is made up of several
distinct faults labeled Z1–Z5. The logs of the two walls of
trench 1 show evidence for three events since the deposition
of the alluvial surface: two of them, including the 1905 sur-
face rupture, occurred after the incision of the alluvial fan
surface, and one of them occurred during the late stages
of fan accumulation, prior to incision. We collected samples
for luminescence and radiocarbon dating to bracket the ages
of the prehistoric ruptures, and we also excavated a soil pit
near the fault zone to collect luminescence and 10Be samples
to date the age of the S1 surface (Table 2 and Ⓔ Fig. S5).

Evidence for the 1905 Earthquake

The 1905 earthquake is well expressed in the western
wall below unit 10, which is undeformed and therefore

Figure 11. Armoise site. (a) Field photograph looking east at Armoise Creek, incised into alluvial surface S1. The solid lines mark the
top of the riser between stream terrace S0 and S1 on the east side of the stream, which is offset across the Bulnay fault. We used this riser and
the corresponding riser on the west side of the stream as piercing lines to measure postincision offsets. (b) DEM of the study area showing the
Armoise Creek site, our interpretations, and the offset terrace risers (solid lines and dots) used to measure the cumulative offset. The contour
interval is 25 cm.White arrows indicate the Bulnay fault. Arrow a shows the viewpoint and view direction of the photograph in (a). The axes show
UTM grid northing and easting values in meters. (c) Reconstruction of ∼23 m of slip across the Bulnay fault. This represents our preferred
estimate of the total slip across the Bulnay fault post incision of Armoise Creek into S1. The color version of this figure is available only in the
electronic edition.
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was deposited after the 1905 event (Fig. 14). Near the
southern end of the trench, the Z1 shear zone breaks all units
older than unit 10 and is associated with a fissure (f1) that is
filled with chaotic, unsorted materials composed of pebbly,
silty sand (Fig. 14). We also identified the upward termina-
tion of fault Z1 below unit 10 on the eastern wall (Fig. 15).
The Z1 fault zone juxtaposes different units due to left-lateral
slip during the 1905 earthquake. Another fissure (f2) asso-
ciated with the 1905 earthquake is exposed near the northern
end of the western wall and is filled with colluvium that
includes fragments of the organic-rich unit 20, which we in-
terpret to represent a horizon just below the ground surface
in 1905. In the opposite wall, a fissure is exposed near the
northern end of the trench (f′2) that also contains fragments of
unit 20.

Evidence for the Penultimate Earthquake (Event 2)

The penultimate earthquake is well expressed on both
walls of the exposure (Figs. 14 and 15). Faults Z2 and Z3
break the fan deposits (units 110–120) and overlying unit
70 but do not break unit 65 or younger units. The upward
terminations of faults Z2 and Z3 are overlain by coarse,
sandy channel deposits associated with the offset stream

(units 65 and 60; Figs. 14 and 15). These deposits filled the
small graben created between faults Z2 and Z3 during the
penultimate earthquake and overlie the former ground
surface, labeled “g” (Fig. 15). Additional evidence for the
penultimate event is found within the eastern wall at the top
of the Z4 fault, where a fissure (f ′3) that is filled with unsorted
loose sediment is overlain by a remnant piece of unit 20,
which was at the ground surface during the 1905 earthquake.
We interpret this feature as a fissure formed during the
penultimate earthquake.

These observations show that the penultimate earth-
quake occurred after fan incision because the penultimate
fault traces (Z2 and Z3) disrupt the channel deposits (unit
70) associated with the stream that is incised into the fan de-
posits. After the penultimate earthquake, renewed incision
and filling occurred, associated with the younger coarse
stream deposits of units 65 and 60. This channel was sub-
sequently faulted during the 1905 event along the Z1 fault.

Evidence for the Third Event (Event 3)

We found evidence for a third earthquake near the north
end of the trench, where we identified upward terminations
of fault zones Z4 and Z5 in both walls (Figs. 14 and 15). In

Figure 12. Snow Creek site. (a) Aerial photograph with snow highlighting riser between the S1 and the S0 surfaces. Our morphological
interpretations are draped on the aerial photograph. The white arrows indicate the Bulnay fault. (b) Aerial photograph combined with the
DEM and our morphological interpretations, showing the piercing lines used to measure the cumulative displacement of the S1=S0 riser (solid
lines and dots). The contour interval is 0.5 m. The white arrows indicate Bulnay fault. Numbers on the y and x axes are UTM grid northing and
easting values in meters. The color version of this figure is available only in the electronic edition.
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the western wall, these two faults break the alluvial fan
deposits (unit 110) but do not offset unit 90, the oldest post-
fan stream deposits (Fig. 14). The third event is also well
expressed near the north end of the eastern trench wall where
upward fault terminations and filled fissures are exposed
beneath the stream deposits of unit 90 (Fig. 15). These rela-
tionships show that the third event occurred during the late
stages of alluvial fan deposition and before the deposition of
unit 90, which represents the beginning of stream incision
into the alluvial fan surface (S1). The incised stream was
subsequently offset twice, during the penultimate and the
1905 earthquakes, consistent with our interpretation of the
morphology of the offset stream.

Age Control

We collected luminescence samples from the western
wall of T1, within the sandy matrix of unit 60 (BOL09-22)
and within the coarse matrix of unit 70 (BOL09-21), to
constrain the timing of the penultimate earthquake (Fig. 15).
Polymineral analyses of these samples provide ages that
bracket the penultimate earthquake between 2560� 260 yr
and 4760� 870 yr (1σ, Table 2). We also collected two bulk
samples for radiocarbon dating that predate the penultimate
event, one from paleosol G (PC-T1-4) and one from unit 80
(PC-T1-6) (Table 4). These yield 2-σ age ranges of 3580–
3720 cal B.P. and 3060–3240 cal B.P., respectively. We also
collected charcoal samples for radiocarbon dating from the

eastern wall, within unit 60 (PC-T1-7) and within the
organic-rich unit g (PC-T1-2). Radiocarbon dating yielded
2-σ age ranges of 4650–4870 cal B.P. and 4350–4450 cal
B.P. for PC-T1-7 and PC-T1-2, respectively. These two ra-
diocarbon samples are not in stratigraphic order and suggest
that charcoal sample PC-T1-7 from unit 60 is detrital. Lumi-
nescence sample BOL09-22 gives a younger age for unit 60,
providing further evidence that the charcoal sample from that
unit is inherited. We therefore use the ages of luminescence
sample BOL09-22 and radiocarbon sample PC-T1-6 to
bracket the age of the penultimate earthquake between
2300 and 3240 cal B.P. This age is consistent with the ages
of luminescence sample BOL09-21 and radiocarbon samples
PC-T1-4 and PC-T1-2.

To postdate the third event we collected luminescence
sample BOL09-20 from the western wall within the sandy
matrix of unit 90, which yielded an age of 5320� 430 yr.
We also collected radiocarbon sample PC-T1-1 from the
eastern wall, from a fissure fill created at the time of the third
event associated with the Z5 fault within the alluvial fan
deposits (unit 110). The material within the fissure is com-
prised of inherited sediments derived from unit 110 at the time
of the third event and therefore predates the earthquake.
Radiocarbon dating yielded a 2-σ age range of 8540–
8770 cal B.P. and provides a maximum age constraint for the
third earthquake. The third event occurred between 4890 yr
and 8770 cal B.P., bracketed by BOL09-20 and PC-T1-1.

Figure 13. (a) Field view of the Pine Creek site looking south, showing the locations of trench T1 and the soil pit excavated into the S1
alluvial surface. Co indicates the slope colluvium deposits. The white dashed lines mark the left-laterally offset channel, and the solid lines
and their associated dots on both sides of the stream bed are used to measure postincision fault slip. White arrows indicate Bulnay fault.
(b) DEM of the study area and the piercing lines and dots used to measure the offset (∼18 m). Contour interval is 0.5 m. The white arrows
indicate the Bulnay fault and arrow a shows the viewpoint and view direction of the photograph shown in (a). Numbers on the y and x axes are
UTM grid northing and easting values in meters. The color version of this figure is available only in the electronic edition.
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Age of the S1 Surface

The alluvial fan stratigraphy exposed in the soil pit
excavated into S1 is comprised of two fine sand units inter-
bedded with alluvial gravels (Fig. 9d). We collected sample
BOL09-OSL11 at 45 cm depth within the sandy matrix of
unit 1. Using the IRSL technique, we determined an age

of 6360� 530 yr after applying a fading correction of
6� 0:5%, following Auclair et al. (2003) and Huntley
and Lamothe (2001) (Table 2; Fig. 9d). This age is consistent
with the age of sample PC-T1-1 collected from the fissure fill
composed of reworked alluvial fan unit 110, exposed in the
trench and dated using radiocarbon at 8540–8770 cal B.P.
(Table 4).

Figure 14. (a) Photomosaic of the west wall of T1. (b) Log of the west wall of Pine Creek trench 1. The string grid is 0:5 m2. See Table 3
for stratigraphic description of the different units. PU indicates the penultimate event. The color version of this figure is available only in the
electronic edition.
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Summary of Pine Creek Earthquake and Sedimentary
Chronology

Our observations combined with the luminescence and
radiocarbon ages from both walls indicate that an earthquake
occurred during the late stages of alluvial fan accumulation,

about 5000–9000 yrs ago. The fan surface was subsequently
abandoned and incised, and channel unit 90 was deposited
about 5300 yrs ago. Additional incision occurred and the
gravels of unit 70 were deposited approximately at 4800 yrs
ago. Another earthquake occurred, offsetting this channel,

Figure 15. (a) Photomosaic of the east wall of T1. (b) Log of the east wall of Pine Creek trench 1. The string grid is 0:5 m2. See Table 3
for stratigraphic description of the different units. PU indicates the penultimate event. The color version of this figure is available only in the
electronic edition.
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between 2300 yr and 3250 cal B.P. Subsequently, channel
units 65 and 60 formed and were offset during the 1905
earthquake.

The time interval between the 1905 earthquake and the
penultimate earthquake is estimated to be 2750� 450 yrs,
and the interval between the penultimate earthquake and
the third event is estimated to be 4100� 2400 yrs. These
two recurrence intervals overlap within their uncertainties
and suggest that the most recent two recurrence intervals
for large earthquakes on the Bulnay fault are generally on
the order of 2700–4000 yrs.

Discussion and Conclusions

In this article, we provide original data and basic infor-
mation on a fault system that produced one of the largest
historically recorded intracontinental earthquakes. Our study
shows that the 23 July 1905 (Mw 8.3–8.5) Bulnay earthquake
produced wide zones of deformation ranging from a few me-
ters to a few hundred meters wide, defining one of the most
outstanding ground surface ruptures associated with strike-

slip faulting. Along the section of the fault between
97.18° E and 98.33° E, we observed that the 1905 horizontal
coseismic slip remains constant with a mean value of
8:9� 0:6 m. This is smaller than the ∼11 m reported by
Khil’ko et al. (1985) and Baljynniam et al. (1993) and con-
sistent with measurements made by Schwartz et al. (2009).

We also observed cumulative offsets that are twice that
of the 1905 earthquake (mean value of 17� 1:5 m). Com-
bined with our paleoseismological investigations, these fea-
tures show that the two last events along the Bulnay fault
(1905 and penultimate events) have similar slip. At Pine
Creek for instance, we clearly observed two surface ruptur-
ing events postdating channel deposits associated with an in-
cised stream that is offset 18 m. This observation suggests
that the distribution of slip along the Bulnay fault was at least
similar for the two past earthquakes, as has been observed
along the left-lateral strike-slip Bogd fault in the Gobi–Altay
(Kurushin et al., 1998; Ritz et al., 2006; Rizza et al., 2011),
along the right-lateral, strike-slip Fuyun fault in the Chinese
Altay (Klinger et al., 2011), and along other large strike-slip
faults worldwide (Schwartz and Coppersmith, 1984; Rubin
and Sieh, 1997; Klinger et al., 2003; Haibing et al., 2005).

We calculated a mean horizontal slip rate along
the Bulnay fault between 97.18° E and 98.33° E of
3:1� 1:7 mm=yr for the Upper Pleistocene–Holocene
period. This is consistent with the strain accumulation of
2:6� 1:0 mm=yr estimated from GPS data by Calais et al.
(2003). If we assume that the ∼3:1 mm=yr slip rate has been
constant over a longer period of time, the ∼4 km of total left-
lateral displacement recorded along the fault (within the
Yambi Mountains) would have been generated during the
past ∼1:3 Ma. This age is in agreement with the onset of
the reactivation of the Jid and Har-Us-Nuur faults in the
Altay, estimated between ∼1 and ∼2 Ma (Walker et al.,
2006; Nissen, Walker, Bayasgalan, et al., 2009).

Our study along the Bulnay fault was an opportunity to
compare the OSL and 10Be dating techniques in northern Mon-
golia, a cold, arid, intracontinental environment with relatively
slow rates of tectonic activity. Our Ⓔ results obtained with
10Be (see electronic supplement) suggest that the drainage net-
works in the area are complex and the sources of fluvial sedi-
ments may have varied in time. A parameter that can vary is the
temporal stream power (varies with climate) that produces
rapid and short changes in the catchment erosion rates and
in the transport rates. This may be clearly seen in some cases
when concentration of 10Be in active river sediments is higher

Table 3
Stratigraphic descriptions for Units Logged in the Trench at

Pine Creek Site

Unit Description of Stratigraphy

U10 Dark colored organic-rich silt matrix with unsorted
subrounded pebbles up to 1 cm

U20 Black organic soil, expected to be the ground surface before
the 1905 event

G Dark gray organic-rich sand–silt matrix with few pebbles
g Dark organic-rich layer; could correspond to the penultimate

ground surface
U60 Gray unsorted silt–sand matrix with clasts up to 5 cm, channel
U65 Unsorted sand matrix with subrounded pebbles up to 6 cm,

channel
U70 Loose clast-supported matrix with angular to subrounded

clasts up to 3 cm
U80 Yellowish very loose clast-supported matrix with subrounded

pebbles
U90 Sand matrix with subrounded pebbles up to 3 cm, channel
U100 Medium to coarse sand matrix with angular to subangular

clasts up to 3 cm, stratified, horizontal bedding, alluvial fan
U110 Fine to medium sand matrix interbedded with sand–pebbly

matrix, rare pebbles, stratified, with horizontal bedding,
carbonate, alluvial fan

U120 Fine to medium sand matrix with subangular pebbles up to
5 cm and few clasts up to 15 cm, stratified, horizontal
bedding, alluvial fan

Table 4
Radiocarbon Ages at Pine Creek Site Using the Calib Radiocarbon Calibration Program (Reimer et al., 2009)

Samples ID Material Ages B.P. Ages cal B.P. Reason of collect

PC-T1-1 Charcoal in unit 110, east wall 7845±40 8660±115 Age of alluvial fan, predating the third event
PC-T1-2 Charcoal in unit g, east wall 3955±30 4400±50 Predating the penultimate event
PC-T1-4 Charcoal in unit G, west wall 3415±30 3650±70 Predating the penultimate event
PC-T1-6 Charcoal in unit 80, west wall 2965±30 3150±90 Predating the penultimate event
PC-T1-7 Charcoal in unit 60, east wall 4240±35 4830±20 Postdating the penultimate event
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than in older sediments (i.e., Genepi, Snow Creek sites) or
when comparing sand and cobbles in the same pit (i.e., Ar-
moise site). In addition, the alluvial surfaces typically are
underlain by multilayered depositional formations that record
successive exposure episodes, which makes the application of
in situ produced cosmogenic isotopes very difficult. However,
the two geochronometers are consistent together, in a first or-
der, but rates of the surface processes (erosion, transport) and
10Be concentrations only allow determination of minimum
age or inheritance when the alluvium have experienced short
exposure times, making luminescence methods favorable for a
more precise dating (good resetting, fine material, etc.).

From our paleoseismological study at Pine Creek, we
determined that the last two interseismic periods between
great earthquakes along the Bulnay fault are of the order
of 2700–4000 yrs. This is consistent with the mean time in-
terval (i.e., ∼2900 yrs) estimated by dividing the mean 1905
offset (∼9 m) by the mean long term slip rate (∼3:1 mm=yr)
and suggests that past earthquakes along the Bulnay fault
have magnitudes similar to that of the 1905 earthquake.

Finally, when compared to the mean ∼3000–5000 yr
earthquake recurrence obtained from morphotectonics and
paleoseismological studies along the Bogd fault system in
Gobi–Altay (Ritz et al., 1995; Schwartz et al., 1996, 2007;
Prentice et al., 2002; Rizza et al., 2008, 2011), our results
suggest that the seismic cluster that occurred during the twen-
tieth century in Mongolia is similar to a seismic cluster that
occurred ∼3000–4000 yrs ago and is likely typical of fault
behavior in this region. This observation raises the questions
of whether large earthquakes may have triggered other large
earthquakes in an apparently dormant zone, even if faults are
separated by several hundred kilometers, and what physical
parameters control fault behaviors. The idea of earthquake
clusters in Mongolia has already been explored by numerical
modeling of postseismic stress relaxation of the lithosphere
after large earthquakes (Chéry et al., 2001; Pollitz et al.,
2003). These articles show that viscoelastic and elastic stress
transfer could be responsible for earthquake time clustering,
on timescales of decades, along continental faults separated
by hundreds kilometers. These preliminary results were
based on assumptions of mean recurrence times of thousands
of years. In the context of testing models of stress triggering
among continental earthquakes (long distance and long time),
our preliminary study along the Bulnay fault is important evi-
dence showing that similar earthquake sequences to those
that were recorded between 1905 and 1957 may have previ-
ously struck the area in past millennia. However, further stud-
ies are needed to determine whether past surface ruptures
have the same age elsewhere along the Bulnay fault, in
the Gobi and Altay ranges.

Data and Resources

The Global Centroid Moment Tensor Project database
was searched using www.globalcmt.org/CMTsearch.html
(last accessed January 2014).

The Google Earth views are from http://www.google
.com/earth (last accessed January 2014), and fault mapping
was done using the Open Source Quantum GIS software
version 1.8 (http://www.qgis.org/; last accessed January
2014).

The ASTER global digital elevation models were ob-
tained from http://www.jspacesystems.or.jp/ersdac/GDEM/
E/4.html (last accessed November 2011).
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